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0.88	 116.8	 	 	 	
Maximum	Acceleration	 4.7x10-4	 <10-4*	 122.4	 7.6	 0.02	 44.70	
Maximum	Angular	Acceleration	 2.2x10-5	 <10-4*	 126.2	 11.4	 0.003	 298.88	
Maximum	Angular	Velocity	 0.03	 <10-4*	 126.7	 11.9	 0.002	 383.75	









































































































































































































































































































































































































	 T0	 T1	 T2	 T3	 T4	𝐸𝑙𝑏𝑜𝑤 𝑒𝑥𝑡𝑒𝑛𝑠𝑖𝑜𝑛,𝛼	 79±14ᵒ	 90±12ᵒ	 61±6ᵒ	 108±14ᵒ	 69±9ᵒ	
𝐻𝑢𝑚𝑒𝑟𝑎𝑙 𝑝𝑟𝑜𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛,𝛽	 49±17ᵒ	 37±12ᵒ	 64±10ᵒ	 109±12ᵒ	 54±8ᵒ	





























segment	1 2	and	a	line	through	those	points	is	1 2 	.	Elbow	extension/flexion	angle,	𝛼,	was	
defined	as	the	angle	between	the	segments	1 2 and	2 3 in	3D	space	(panel	a).	Humeral	position	
was	broken	down	into	projections	of	the	humeral	segment	1 2 onto	the	horizontal	and	vertical	
planes.	Humeral	protraction/retraction	angle,	𝛽,	was	calculated	by	projecting	the	humeral	
segment,	1 2 ,	onto	the	horizontal	plane	as	1′ 2′ (panel a) .	Protraction/retraction	was	
calculated	as	the	angle	between	the	line	1′ 2′  and	the	central	axis	of	the	body,	defined	by	the	
line	4 5.	When	the	humerus	was	perpendicular	to	the	central	axis	of	the	body,	humeral	
protraction/retraction	angle	was	90ᵒ.	Humeral	elevation/depression	angle,	δ, was	calculated	by	





















	 Hop	Initiation	 Forelimb	Liftoff	 Impact	Preparation	 Landing	
Dur	 78±30	ms	 75±16	ms	 92±25	ms	 57±10	ms	
xᵒ	 x1-x0				 Velocity		 x2-x1	 Velocity		 x3-x2	 Velocity		 x4-x3	 Velocity		
α 10±10	 120±125	 -29±11	 -378±127	 47±13	 512±100	 -38±14	 -678±201	
β -12±11	 -144±119	 27±11	 379±165	 45±15	 495±122	 -55±14	 -986±204	












































































	 T0	 T1	 T2	 T3	 T4	𝛼	 0.49	 0.69	 0.23	 1.7e-10	 0.71	𝛽	 0.90	 0.42	 0.24	 3.7e-07	 0.052	𝛿	 0.66	 0.81	 0.86	 5.7e-3	 0.40	
Excursions	and	angular	velocities	
	 Hop	Initiation	 Forelimb	Liftoff	 Impact	Preparation	 Landing	
Duration	 										0.36	 							0.14	 					1.5e-5	 					2.9e-4	
Onset		 										1.0	 							0.36	 								0.47	 					3.8e-6	
x	 x1-x0		 Velocity	 x2-x1	 Velocity	 x3-x2	 Velocity	 x4-x3	 Velocity	
α 0.023	 0.14	 0.41	 0.30	 2.6e-11	 2.5e-3	 2.5e-10	 1.7e-9	
β 0.41	 0.42	 0.65	 0.97	 6.5e-7	 0.11	 1.4e-9	 1.0e-6	




































































































































































































































































































































greater than the velocity vector angle, meaning the forelimbs were positioned slightly more 
vertically than the impact angle. Additionally, forelimb angle at touchdown increased with hop 
































	 T0	 Phase1	 T1	 Phase	2	 T2	 Phase	3	 T3	
Forelimb	Angle	˚	 48±8	 	 66±6	 	 26±5	 	 50±5	
Velocity	Angle	˚	 -27 ±8	 	 -20 ±6	 	 10±6	 	 46±3	
Pitch	˚	 1±5	 	 1±4	 	 -2 ±3	 	 -11±6	
Duration	˚	 	 98±18	 	 81 ±12	 	 95 ±11	 	
Forelimb	Excursion	˚	 	 18±6	 	 -40±7	 	 25±7	 	
Pitch	Excursion	˚	 	 -0.4 ±2	 	 -3 ±3	 	 -9±4	 	
Velocity	Angle	



























































































































































































designate limb touchdown times. C&D) Results: Images of toads in slope-left and roll-left landings with 
right and left arms designated by color. EMG activity and elbow angle, θ, are shown for each limb. In roll 
left treatment (C), note the asymmetries	in	EMG	onset	timing	and	elbow	extension	kinematics,	with	
the	left	limb	preparing	for	impact	earlier	than	the	right	limb.		(D) While in slope treatments, EMG 












































































		 Slope	Left	 Slope	Right	 Roll	Left	 Roll	Right	
Total	hops	 37	 31	 28	 35	
TDL-R	(ms)	 -19±17	 17±12	 -13±8	 15±17	
IpDur	L	(ms)	 79±30	 75±16	 110±28	 79±39	









































































∝= !!        (B.2) 
Substituting	equation	(B.2)	into	equation	(B.1)	and	solving	for	a,	the	linear	acceleration	
at	the	tip	of	the	appendage	will	be	
𝑎 = !"!!          (B.3) 
The	torque	is	dependent	on	the	force	applied	to	the	appendage	perpendicular	to	
motion,	Fp,	and	the	distance,	also	perpendicular	to	the	motion,	at	which	it	acts,	Rp	(fig.	4).	
𝑇 =  𝐹!𝑅!        (B.4) 
The	force	applied	perpendicularly	to	the	appendage	depends	on	the	force	the	beam	
exerts,	Fb,	and	the	angle	at	which	it	is	applied,	θ.	








Fp= 3EIbxL3 cos θ        (B.7) 
Finally,	substituting	equation	(B.7)	into	(B.4)	and	the	result	into	equation	(B.3),	we	get	
the	equation	describing	the	linear	acceleration	of	the	tip	of	the	appendage:	































𝐷 =  !! 𝜌𝑣!𝐶!𝐴 +  𝜌𝐴 !!𝐴 𝑎      (D.1) 
where	𝜌	is	density,	v	is	velocity,	CD	is	the	coefficient	of	drag,	A	is	the	cross	sectional	area	
of	the	accelerated	body,	and	a	is	the	body’s	acceleration.	The	thickness	of	accelerated	water	is	
approximated	by	¼	A.	Both	in	air	and	water,	we	assume	a	velocity	of	30	m/s,	a	CD	of	1,	an	area	of	
6×10-4	m2,	and	an	acceleration	of	1×105	m/s.	The	density	of	air	at	STD	is	1.225	kg/m3.	The	density	
of	saltwater	at	the	surface	is	1025	kg/m3.	
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